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ABSTRACT
We present estimates of the signal to be expected in quiescent solar conditions, as would be obtained with the COronal Spec-
trographic Imager in the EUV in its coronagraphic mode (COSIE-C). COSIE-C has been proposed to routinely observe the
relatively unexplored outer corona, where we know that many fundamental processes affecting both the lower corona and the so-
lar wind are taking place. The COSIE-C spectral band, 186–205 A˚, is well-known as it has been observed with Hinode EIS. We
present Hinode EIS observations that we obtained in 2007 out to 1.5 R⊙, to show that this spectral band in quiescent streamers
is dominated by Fe XII and Fe XI and that the ionization temperature is nearly constant. To estimate the COSIE-C signal in the
1.5–3.1 R⊙ region we use a model based on CHIANTI atomic data and SoHOUVCS observations in the Si XII andMg X coronal
lines of two quiescent 1996 streamers. We reproduce the observed EUV radiances with a simple density model, photospheric
abundances, and a constant temperature of 1.4 MK. We show that other theoretical or semi-empirical models fail to reproduce the
observations. We find that the coronal COSIE-C signal at 3 R⊙ should be about 5 counts/s per 3.1
′′ pixel in quiescent streamers.
This is unprecedented and opens up a significant discovery space. We also briefly discuss stray light and the visibility of other
solar features. In particular, we present UVCS observations of an active region streamer, indicating increased signal compared to
the quiet Sun cases.
Subject headings: Techniques: spectroscopy – Sun: corona – Sun: UV radiation
1. INTRODUCTION
It is now quite well established that the outer corona, i.e.
the region between 1.5 and 3 R⊙ (as measured from Sun cen-
ter) is the place where many fundamental processes are taking
place. For example, this is the regionwhere the solar wind and
the Coronal Mass Ejections (CME) become accelerated, see
e.g. Abbo et al. (2016); Zhang & Dere (2006); Temmer et al.
(2017). This is also the region where CME driven waves
steepen into shocks, and as the AlfvenMach number increases
from 1, the post shock plasma in a CME can transition from
low beta to high beta.
The outer corona is also the region where the small-scale
complex topology of the magnetic field, which shapes the ob-
served features of the lower corona, becomes more simple and
radial. It is also a transition region from collisional fluid to
collisionless plasma.
The outer corona could also contain, depending on which
model one considers, the transition region from the low-β col-
lisional inner corona to the high-β collisionless heliosphere
and the nascent solar wind. For example, Fig. 6 of the MHD
model of Va´squez et al. (2003) shows that β = 1 around 2R⊙
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in a streamer, while β in a coronal hole is very small out to the
edge of the plot at 4 R⊙. Other models put the β = 1 further
out, closer to the Alfven point.
The outer corona is also the region where processes such
interchange reconnection between closed and open structures
is likely taking place, even in the quiet Sun (see, e.g. Fisk
2003). The complex mix of quiet Sun areas and coronal holes
creates a complex topological system. MHD simulations of
the quiet corona around the time of the 2008 eclipse run by
the Predictive Science group with the MAS code Mikic´ et al.
(2007) showed the presence of a multitude of separators and
quasi-separatrix layers in the outer corona, which have a pro-
found effect on the magnetic connectivity between a point
in the heliosphere and its source region, the so-called S-web
(Antiochos et al. 2011).
When even a single active region is present, the topology of
the global magnetic field of the outer corona becomes more
complex. For example, magnetic field modeling of a few iso-
lated active regions observed in 2007 showed the presence
of null points at about 2 R⊙ (Del Zanna et al. 2011a). A
model of interchange reconnection taking place at these null
points was able to reproduce the location and strength (see
also Bradshaw et al. 2011) of the so-called ‘coronal outflows’,
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regions mostly connected to sunspots that show upflowing
plasma at temperatures above 2 MK (see, e.g. Del Zanna
2008; Harra et al. 2008; Doschek et al. 2008). This inter-
change reconnection process in active regions is in princi-
ple capable of injecting coronal plasma that was originally
present in the closed hot (3 MK) loops of active region cores
into the heliosphere, and forming as a by-product the large-
scale cooler (1 MK) loops which fan out of sunspots and con-
nect to the entire surroundings of an active region.
It is clear that the density at 2 R⊙ is so low that whatever
occurs at 2 R⊙ is virtually invisible in on-disk observations,
against the bright background of the inner corona. There-
fore, off-limb high-resolution observations around 2 R⊙ are
needed. Yet, this region is relatively unexplored, with the
exception of a few ground-based observations during total
eclipses, and SoHO/UVCS (Kohl et al. 1995) spectra. Such
observations returned plenty of scientific results, but were not
capable of monitoring the dynamical evolution of the outer
corona.
Narrow-band high-resolution images of the solar corona
in the visible taken during total eclipses have shown us the
outer corona in its full glory, with many complex open and
closed structures, and features that are difficult to compre-
hend. For example, intriguing features have appeared in re-
cent images of the Fe XI visible forbidden line (Habbal et al.
2011). Such images of the coronal lines show more clearly
the outer structures not only because of the natural occulter
(the Moon), but also because the intensities of the visible for-
bidden lines decay more slowly with height, compared to the
allowed lines. This occurs partly because forbidden line in-
tensities decay linearly with the electron density, and partly
because the photospheric radiation increases their intensities
via photo-pumping (see, e.g. Del Zanna & DeLuca 2018, for
a recent discussion of visible and infrared forbidden lines).
Unfortunately, these eclipse images are very short snapshots
of a corona that we know is highly dynamic.
Above 2 R⊙, coronagraphic observations in the visible
with e.g. the SoHO Large Angle Spectroscopic COrona-
graph (LASCO) C2 (Brueckner et al. 1995), and further out
from STEREO HI, have provided valuable information about
the dynamic outer corona. However, the spatial resolution
and sensitivity have not been comparable with ground-based
eclipse observations. Future coronagraphs in the visible (e.g.
Proba-3, Aditya) will provide significant improvements, but
such instruments will always be limited by the fact that the
coronal signal is more than 6 orders of magnitudeweaker than
the photospheric one. The Solar Orbiter Metis coronagraph
will be an improvement on the current situation as it will pro-
vide images both in the visible and in the UV, in the hydrogen
Ly α above 1.6 R⊙. The Solar Orbiter EUI full-disk images
are in principle also capable of observing the outer corona, but
outside the currently planned remote-sensing windows (dur-
ing close encounter).
Around 2 R⊙, we had only a few images of the outer
corona. LASCO/C1 observed the outer corona up to 3R⊙
in the green and red visible forbidden lines, but returned
only limited results (see, e.g. Mierla et al. 2008). We have
plenty of observations from the X-rays to the UV of the lower
corona in a range of spectral lines and broad-bands, typically
up to 1.3 R⊙, but the nearly exponential decay of the elec-
tron density with radial distance, typical of stationary isother-
mal plasma, reduces dramatically the XUV signal, as the in-
tensities of dipole-allowed transitions are proportional to the
square of the electron density.
There are a few off-points from SDO AIA (mainly for
comet observations) where we see structures in the EUV out
beyond 2R⊙. Recently, also SUVI obtained some off-limb
images. We also have PROBA2/SWAP EUV images (in a
band around 174 A˚ dominated by Fe X and Fe IX) which
clearly show a very complex and dynamical behavior of open
and closed structures, especially above active regions. The
dynamical behavior is mainly seen in the SWAP Carrington
movies. The effects of an emerging AR are also clearly evi-
dent in AIA, see e.g. Schrijver & Higgins (2015).
To overcome the lack of detailed information about the
outer corona, an instrument of novel design has recently been
proposed to fly on the International Space Station: the COro-
nal Spectrographic Imager in the EUV (COSIE). The instru-
ment has two modes of operation. The spectrograph mode
will mainly be used on-disk: it is a full Sun slitless imag-
ing spectrograph (COSIE-S). The other one is a broad-band
imager which will mainly be used in its coronagraphic mode
(COSIE-C), although it can also observe on-disk, with a filter
to reduce the bright on-disk signal.
The key issue here is that building a coronagraph in the vis-
ible has always been a challenge, given the huge dynamic
range between the disk intensity and the signal of the outer
corona. This is not the case in the EUV, so an instrument such
as COSIE can naturally observe both on-disk and off-limb.
In a nutshell, COSIE-C is designed to observe the corona
in an EUV spectral band between 186 and 205 A˚ with a high-
cadence, a large field of view (FOV) of 6.6R⊙ × 6.6R⊙, and
a spatial resolution of 3.1′′. Such a resolution is really high,
when compared to previous coronagraph images, and compa-
rable to that of many current EUV instruments observing on-
disk, such as Hinode EIS. This spectral range is well-known,
as it has been routinely observed with many previous and cur-
rent space-based instruments such as SoHO/CDS, SoHO/EIT,
TRACE, STEREO/SECCHI, SDO/AIA, SDO/EVE, GOES
SUVI. In particular, detailed spectroscopic observations with
Hinode/EIS have been studied in detail, and over the past
years all the main lines have been identified, and the atomic
data has been recalculated and benchmarked, as reviewed in
Del Zanna (2012). The quiet solar corona (at about 1 MK) is
emitting in this spectral region strong coronal lines from iron
ions: Fe X, Fe XI, and Fe XII.
The main aim of the coronagraphic mode of COSIE is to
provide continuous monitoring of the outer corona with high-
cadence and sensitivity, so dynamic events such as CME or
waves in the outer corona can be studied in detail.
In order to achieve this, a key technical issue regards the
ability to observe simultaneously the inner corona from the
solar limb to the outer corona. In principle the instrument is
capable of observing up to 4.6 R⊙ from Sun center, along
the diagonal of its square FOV of 6.6×6.6 R⊙, however as
we have discussed the most interesting (and relatively unex-
plored) region of the solar corona is between 1.5 and 3.3 R⊙
which is what will be observed within the square FOV of
COSIE.
The main aim of the present paper is therefore to provide
observational evidence of how the brightness of the EUV
corona changes with radial distance from the Sun in the 1.5–
3 R⊙ range, so we can provide relatively accurate estimates
of the COSIE signal up to these distances. We mainly con-
sider quiet Sun streamers in this paper as they are much less
variable than e.g. those above active regions, or signals in
other features. However, we provide one example of the sig-
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nal above an active region streamer, and provide some com-
ments of what signals could be expected for other regions.
Our main aim might seem relatively simple, from an ob-
servational or modeling perspective, but it is not, as we dis-
cuss here. We know, from past observations, that the inten-
sity of the disk in the EUV is comparable with the intensity
of the inner corona as observed off-limb, but the behavior of
the coronal lines up to about 3 R⊙ was not known until the
present study. Within the literature, we have not found direct
measurements of coronal lines up to 3 R⊙ in the quiet Sun.
The only study of the outer corona is that by Goryaev et al.
(2014), where however a streamer above an active region was
observed. PROBA2/SWAP images in the 174 A˚ band were
analyzed up to 2 R⊙. The broad-band signal decreased by
about 3 orders of magnitude in this range. Interestingly, a
nearly isothermal corona of 1.4 MK was needed to explain
the observations, as we have also found here.
In principle, we could supplement the lack of observations
with modeling. However, being an unexplored region, we
really do not know how the fundamental plasma parameters
vary with radial distance. Even considering the most simple
case of a streamer in the quiet Sun, very different estimates
of densities and temperatures have been published. A few are
shown in Figure 1, together with those we have adopted for
our modeling, as described below.
FIG. 1.— The radial profiles of the electron densities and temperatures we
assumed for modeling quiet Sun streamers (black lines), compared to some
literature values.
Such variable densities and temperatures produce very dif-
ferent estimates of coronal line radiances, as discussed in
Andretta et al. (2012) and as also shown here. Furthermore,
an issue which greatly complicates any modeling effort is the
variability of the elemental abundances, as we discuss below.
An ideal instrument which explored the outer corona is
SoHO/UVCS because it observed many coronal lines formed
at similar temperatures as those that contribute to the COSIE-
C band. There are, of course, many published results from
SoHO/UVCS (and the previous similar SPARTAN instru-
ment) which observed the outer corona from 1996 even as far
as 10 R⊙. However, the instrument sensitivity was such that
only the brightest lines, the H I Lyman α and the O VI doublet,
had enough signal in the outer corona. These lines are largely
affected by photoexcitation as the density of the outer corona
decreases, so they are visible to greater distances, but are
not ideal to estimate the signal in the collisionally-dominated
EUV lines, as we will discuss below.
There are many published results from UVCS, where sev-
eral coronal EUV lines were observed. However, they were
mostly at distances of about 1.5 R⊙, see e.g. Raymond et al.
(1997); Parenti et al. (2000). We have therefore searched the
UVCS database to try and find some observations that could
be useful for our purpose. We have identified a few observa-
tions of the Mg X and Si XII coronal lines in the 1.4–3 R⊙
range, which we could use to build a model to estimate the
COSIE Iron line count rates in the 186–205 A˚ range. Several
new and interesting results are obtained from this analysis. At
lower heights, we present the analysis of a unique Hinode EIS
off-limb observation where coronal lines (the same that would
be observed by COSIE) were visible up to 1.5 R⊙.
The paper is organized as follows: Section 2 describes the
UVCS observations of quiescent streamers and their analysis.
Section 3 describes the way we have modeled the UVCS ob-
served radiances, and the predictions we make for the COSIE-
C signal in the outer corona. Section 4 briefly discusses the
EIS off-limb observation, while Section 5 briefly discusses
stray light issue. Section 6 provides some comments on the
expected COSIE-C signal in other regions and features, while
Section 7 draws the conclusions.
2. QUIET SUN UVCS OBSERVATIONS AND DATA ANALYSIS
During 1996 and early 1997, the Sun was relatively quiet,
with the exception of a few small active regions, and a long-
lived large one, located in the southern hemisphere, at the end
of a large, long-lasting trans-equatorial coronal hole, the ‘Ele-
phant’s trunk’ (Del Zanna & Bromage 1999).
During this period, the UVCS instrument was routinely run-
ning synoptic studies, where the corona between about 1.4
and 3.5R⊙was observed bymoving the slit in 4-5 different ra-
dial locations and then rotating the slit around the Sun. Coro-
nagraph and UVCS observations during this period clearly
show how the streamers are affected by the presence of these
different structures, especially active regions. A review sum-
mary of the UVCS observations in the H I and the O VI lines
during this period can be found in Antonucci et al. (2005).
However, these UVCS synoptic observations typically had
narrow slits and exposure times of 500 or 1,000 seconds, gen-
erally too short to get enough signal in the coronal lines above
2R⊙. We have therefore searched the entire UVCS database
of the first year of operation, to try and find observations of
quiescent streamers with slit positions up to 3 R⊙ and ex-
posures long enough so we could measure the radiances of
the coronal lines. We have visually inspected dozens of ob-
servations and at the end only found a few useful datasets.
Figure 2 shows the streamers we selected for further analysis.
One was a quiet streamer observed on 1996 May 27. Dur-
ing the following 28-day solar rotations, on June 24, July 22,
and August 19, the streamer became increasingly active, be-
cause of the emergence of the large active region connected
to the Elephant’s trunk which we have mentioned. On the
other hand, on the opposite side of the Sun, the other (west)
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FIG. 2.— Composite images including SoHO EIT 195 A˚, HAO Mauna Loa Mark 3 and LASCO/C2 white-light coronagraphs during times when the quiescent
streamers discussed here were observed by SoHO UVCS, on 1996 May 27 (top left) and 1996 August 19 and 21 (bottom). The top right plot shows an active
region streamer observed on 1996 June 1. The location of the UVCS slit is shown.
streamer was very quiescent for at least several days, around
August 19. Indeed this streamer has previously been stud-
ied by several authors. In particular by Gibson et al. (1999),
where the polarized Brightness (pB) measured by the HAO
Mauna Loa Mark 3 and LASCO/C2 white-light coronagraphs
was used to infer electron densities. We have analyzed the
observations on August 19th and 21st of the same streamer,
to see if there were significant changes. We found very little
difference in the radiances, confirming the impression from
the LASCO/C2 images of a stable streamer. Figure 2 also
shows one active region streamer, observed on 1996 June 1,
and discussed below.
We have used the fully-calibrated UVCS data as available
via the Virtual Solar Observatory. We have used the latest
version 5.2 of the UVCS software (DAS) to sum the exposures
and obtain the calibrated data. We have considered the O VI
primary channel, where the O VI doublet, the H I 1025 A˚ and
the Si XII 521 A˚ (in second order) lines are present. We have
also analyzed the redundant O VI channel, where the Mg X
610 A˚ line is present in second order, next to the hydrogen Ly
α.
We have then averaged the line radiances over the regions
where the lines were clearly visible, in order to increase the
signal-to-noise of the very weak coronal lines. This clearly
averages the variations that have been reported between the
streamer cores and the boundaries, especially in terms of el-
emental abundances (Raymond et al. 1997). However, we
had no choice, considering that further out, above 2 R⊙, the
streamers become very narrow and it becomes difficult to try
and measure the core and the boundary regions. Also, line
of sight effects mean that boundary regions are always inter-
mixed with core regions. We have carefully measured the line
radiances by subtracting a linear background in each spectrum
with custom-written software by one of us (GDZ).
The calibrated UVCS data assume a first-order calibration.
The UVCS radiometric calibration for first order lines was
measured before launch and tracked in flight by observing
UV-bright stars. Such calibration was not possible for sec-
ond order lines, so we rely on laboratory measurements of the
reflectivities of the mirror materials, the efficiency of a simi-
lar grating, and sensitivity of KBr coated detector at the Mg
X and Si XII wavelengths. The cumulative uncertainty on the
measured radiances is difficult to estimate, but it is probably
about 30–40%. Now that the SOHO CDS has a reliable long-
term radiometric calibration (Del Zanna & Andretta 2015), it
is in principle possible to cross-calibrate UVCS against CDS,
especially considering that the same spectral lines were ob-
served during some targeted campaigns. We have identified
some useful datasets, but leave such a complex analysis for
a future paper. For this paper, we have applied the following
scaling factors to the second-order lines: 0.14 for the Si XII
521 A˚ line and 0.27 for the Mg X 610 A˚ line in the redundant
channel. These factors have been widely used in the past liter-
ature and an uncertainty of 40% is reasonable for the purposes
of the present paper.
The measured radiances are shown in Figures 3,4. The dif-
ferences between the radiances of the west streamer, observed
on the 19th and 21st, are small. What is remarkable is the
agreement in the radiances of the east streamer, indicating
very little differences between the two streamers during this
quiet period. It is also remarkable that the radiances of the two
coronal lines decrease by only about two orders of magnitude
between 1.5 and 3.1 R⊙.
3. MODELING THE UVCS OBSERVATIONS OF THE QUIET SUN
STREAMERS AND USE THEM FOR COSIE-C
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FIG. 3.— The radiance of the Mg X 610 A˚ line as a function of the radial
distance, for three quiet Sun (QS) observations and one active region (AR).
The lines are the predicted radiances.
FIG. 4.— The radiance of the Si XII 521 A˚ line as a function of the radial
distance for three quiet Sun (QS) observations and one active region (AR).
The lines are the predicted radiances.
For our analysis and simulations we used the atomic
data from CHIANTI1 (Dere et al. 1997) in its version 8
(Del Zanna et al. 2015).
Given the simple structure of the streamers, we adopted
a similar approach as that one we adopted in Andretta et al.
(2012), where off-limb radiances of a selection of coronal
lines and the He II resonance line were modeled. The ap-
proach is very common in the literature: it consists of adopt-
ing a uniform radial dependence of the electron density and
temperature, estimating the line emissivities, and then inte-
grating along each line of sight assuming cylindrical sym-
metry. In our simulations, we calculated line emissivities up
to 10 R⊙, then performed the integrations until a radial dis-
tance of 3.1 R⊙. For each line of sight, we integrated up
to a distance of 9 R⊙, although the main contribution to the
emission comes from the region closest to the Sun. This sim-
1 http://www.chiantidatabase.org/
ple approach works very well in reproducing the radiances
of the collisional lines, which is the main aim of the present
modeling. This approach is also justified by several consid-
erations, as discussed by Frazin et al. (2003), where UVCS
observations of another quiescent streamer were analyzed.
However, we are exploring various other geometrical and den-
sity/temperature distributions for a future paper, as the current
model is unable to reproduce the observations of the radia-
tively excited lines, see below.
Since version 4 of the CHIANTI database (Young et al.
2003), it is possible to introduce photoexcitation into the mod-
eling of line emissivities. We used such an option with a few
modifications by one of us (GDZ) to the software. The model
assumes a uniform source of disk radiation, and calculates the
excitation rate at each distance by including a dilution factor,
which depends on the distance from the Sun. We originally
provided an input quiet Sun spectrum, covering all wave-
lengths from the X-rays to the infrared. However, the electron
densities of our models are so low that the ‘coronal model’ ap-
proximation holds: all the population is in the ground states
and the metastable levels are not populated. Therefore, only
the disk photoexcitation at the wavelength of the spectral line
of interest is needed. In the results shown here, we have as-
sumed that the disk radiation is monochromatic and has the
wavelength of the spectral line.
However, we have also calculated the photo-pumping by
providing a disk emission profile and an absorption one, to
study Doppler dimming effects. Given the large Doppler
widths of the coronal ions, the disk emission is totally ab-
sorbed in the absence of strong outflows, so the two ap-
proaches are fully equivalent.
Doppler dimming effects can become important, if strong
outflows are present (see, e.g. Noci et al. 1987). In gen-
eral, when outflows are present, the photo-pumping disk
radiation becomes Doppler-shifted so the photoexcitation
(and consequently the line intensity) decreases, although
photo-pumping from nearby lines can occur, as in the O
VI case, also discussed by Noci et al. (1987). There is
ample observational evidence that quiescent streamer axes
are characterized by negligible outflows (at most a few
km/s) for the distances we are concerned here (see, e.g.
Strachan et al. 2002; Frazin et al. 2003; Uzzo et al. 2006;
Noci & Gavryuseva 2007; Spadaro et al. 2007).
Other assumptions we have made are that lines are optically
thin, and that the electron temperatures are the same as the
proton and ion temperatures, and the plasma is in ionization
equilibrium. That the electron and proton temperatures should
be nearly equal is supported by the observation that the width
of the H I Lyman α line is close to the ionization temperature
as measured by e.g. line ratios. The ionization temperature
is equal to the electron one, assuming equilibrium, and the
temperature of the neutral hydrogen must be close to the pro-
ton temperature. The assumption of ionization equilibrium is
also common and is justified by the absence of any measur-
able flows, and the relatively high densities. This assumption
is clearly untenable in coronal hole regions, where strong out-
flows of hundreds of km/s and much lower densities than in
our QS streamers have been routinely measured by UVCS.
We note that Shen et al. (2017) computed the effects of time-
dependent ionization in a pseudo-streamer out to 3 R⊙ based
on an MHDmodel. For that particular model, time-dependent
ionization increases the Mg X intensity because the tempera-
ture declines with height.
Having established the method, a further problem has been
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how to choose which parameters one should adopt. We dis-
cuss below disk radiation, electron densities, elemental abun-
dances and electron temperatures.
The accurate assessment of the disk radiation is a non-
trivial issue, as different instruments have provided different
measurements, and as radiances of all the lines we are con-
cerned here have a strong variation with the solar activity (see
the discussion in Del Zanna & Andretta 2015). For the Mg X
610 A˚ line we have adopted a value of 110 erg cm−2 s−1 sr−1
from OSO observations, and for the Si XII 521 A˚ line 19 erg
cm−2 s−1 sr−1. However, we found that photoexcitation for
these two coronal lines has a totally negligible effect on the
line intensities for the present model.
As discussed in Andretta et al. (2012), there is a wide range
of density and temperature models for quiescent streamers,
each of them producing very different results. The beauty
of the EUV/UV spectroscopy provided by UVCS is that the
observed spectral lines are extremely sensitive to any small
variation in these parameters, hence provide an excellent test
to these models.
The parameter that is better measured is the electron den-
sity. During the first two years of the SoHO mission, one
of us (GDZ) obtained a large number of off-limb observa-
tions and monitored the off-limb density using line ratios
(Del Zanna 1999; Fludra et al. 1999). The above-mentioned
near-simultaneous measurements of the pB produced densi-
ties in relative good agreement with those measured by CDS,
for the August 19 west streamer (Gibson et al. 1999). We
therefore used as a baseline for our modelling these densi-
ties, although some minor changes, shown in Figure 1, were
applied to improve agreement in the radiances of the Mg X
and Si XII observed by UVCS. In the same figure we also
show the modeled densities for an equatorial quiet Sun by
Cranmer et al. (2007), which have been widely used in the lit-
erature. Note that the paper is mostly focusing on modelling
coronal holes, but also provides other models. We have used
the data file cvb07 equator.dat for an equatorial streamer at
solar minimum.
We note, however, that an analysis of the same streamer by
Antonucci et al. (2005), based on the ratios of the two O VI
lines, produced significantly lower densities. That some dif-
ferences in the densities occur should not be surprising. For
example, the Thompson scattered Pb signal is proportional to
the density, while the collisionally-dominated coronal line in-
tensities are proportional to the square of the density. There-
fore, if the plasma is not uniformly distributed in density,
some changes could occur. However, the issue is more com-
plex, as we briefly describe below.
Another parameter which affects the modelling is the ele-
mental abundance. It is well-known that remote-sensing ob-
servations of the solar corona, from the visible to the X-rays,
have shown that coronal abundances can be different from
the photospheric ones, and that correlations exist between
the abundance of an element and its first ionization potential
(FIP). The low-FIP (≤ 10 eV) elements are more abundant
than the high-FIP ones, relative to their photospheric values.
On the other hand, usually the relative abundances among el-
ements with similar FIP do not vary. Similar FIP bias varia-
tions are observed in-situ in the slow solar wind. See, e.g. the
Living Reviews by Laming (2015) and Del Zanna & Mason
(2018) for details.
Since the COSIE band is dominated by lines from coro-
nal iron ions, and we use the Si XII and Mg X radiances mea-
sured by UVCS for the estimates, the choice of the elemental
abundances is irrelevant, considering that Si, Mg, and Fe are
all low-FIP elements, so their relative abundances are not ex-
pected to vary much.
For our modelling, we took the simplest approach. Consid-
ering that we averaged over the entire sections of the stream-
ers, we are not able to assess differences between the core
and the outer parts of the streamers, although the emission
primarily comes from the brightest regions, the legs. We
therefore took as a baseline the photospheric abundances of
Asplund et al. (2009), considering that there is evidence (al-
though still debated in the literature) that the inner quiescent
corona (around 1 MK) has nearly photospheric abundances,
within a factor of two. This has been obtained by comparing
S and Fe coronal lines observed by Hinode EIS (Del Zanna
2012), and a wide range of elements in a recent reanalysis of
off-limb SOHO SUMER observations (Del Zanna & DeLuca
2018).
The parameter that is virtually unknown is the electron
temperature. Gibson et al. (1999) obtained the temperatures
shown in Figure 1 assuming an hydrostatic atmosphere. As
shown below, they produce radiances in the coronal lines that
decrease with radial distance far more than observations, so
we have discarded them. A much better model is the semi-
empirical one developed by Va´squez et al. (2003). It was
based on the widths of the H I Lyman α line, measured by
UVCS, with the assumption that the electron and proton tem-
peratures are the same in the streamers, where the plasma is
expected to be in thermal equilibrium. However, after some
tests, also this model was unable to reproduce our UVCS ob-
servations. Another temperature profile shown in the same
figure is the modeled one for an equatorial quiet Sun by
Cranmer et al. (2007).
We would like to point out that we are not interested here
in the real electron temperature, but rather in the temperature
which, assuming ionization equilibrium, does fit the observed
radiances in the coronal lines. This is in practice a ioniza-
tion temperature. It is well-known (see, e.g. Del Zanna 1999;
Fludra et al. 1999) that the ratio of the Si XII and Mg X Li-
like lines is an excellent temperature diagnostic which is not
affected by variations in density nor in elemental abundances
(as both elements have a low-FIP).
We have measured the ionization temperature using the
UVCS measurements and found it to be remarkably constant
around log T [K] =6.15. Any temperature decrease would
have a dramatic effect on the hotter Si XII line, which would
decrease significantly. We have therefore assumed this tem-
perature, keeping in mind that the actual value is dependent
on the accuracy of the relative calibration of the two UVCS
channels where the two lines are observed. It interesting to
note that in the inner corona, up to 1.3 R⊙, there is spec-
troscopic evidence from SOHO CDS (see, e.g. Del Zanna
1999; Andretta et al. 2012) and SOHO SUMER (see, e.g.
Landi & Feldman 2003) that the ionization temperature is
normally nearly constant. We provide below further evidence
from one Hinode EIS observation that the ionization temper-
ature is nearly constant up to 1.5 R⊙. Any variation of the
density and temperature above 3 R⊙ does not significantly
affect the modelling.
The predicted intensities are shown in the plots, together
with the measured radiances. Excellent agreement is found
for the Si XII and Mg X coronal lines.
The outer corona 7
3.1. On the radiatively-excited lines and the chemical
abundances
As the H I Lyman β 1025 A˚ line is largely collisional (at
least at closer distance), we have also predicted its radiances,
which allow us to measure the absolute abundances of Mg and
Si in these observations.
One of the many stunning results from UVCS was the dis-
covery of very unusual abundances in the cores of quiescent
streamers, with high-FIP elements such as O being depleted
by about an order of magnitude, compared to its photospheric
value (see e.g. Raymond et al. 1997, and following papers).
The low-FIP elements such as Si and Mg also appeared de-
pleted, but by not as much. These abundance measurements
have usually been obtained by comparing the line radiances
with the radiance of the H I Lyman α, with some assump-
tions and modelling. In particular, by considering separately
the collisional and radiative component of the lines. Such low
abundances are anomalous, as they are not observed in the
lower corona, though they are sometimes seen in the solar
wind (Weberg et al. 2012, 2015).
A possible interpretation is mass-dependent settling, which
was observedwith SOHO SUMER (see Feldman et al. 1998).
Furthermore, abundances have been found to vary spatially
not only across but also along streamers. Antonucci et al.
(2006) analyzed UVCS observations of the H I and the O
VI lines and found a variation in the O abundance in the re-
gions surrounding the quiescent solar minimum streamers.
Uzzo et al. (2003) analyzed the UVCS observations of the
streamer belt from 1996 June 1 to August 5 to study the vari-
ation of the elemental composition. Large variations between
the streamers cores and legs were confirmed, as well as varia-
tions between streamers.
For the H I Lyman β 1025 A˚ line we used a disk radi-
ance of 800 (ergs cm−2 s−1 sr−1) as measured by UVCS
(Raymond et al. 1997), noting that it is very close to the
SUMER QS measurement during the same period of low so-
lar activity reported by Wilhelm et al. (1998) of 766. There
are no significant center-to-limb changes in the H I Lyman α
line, so we have assumed that the radiance of the Lyman β
line is constant across the disk.
FIG. 5.— The radiance of the H I 1025 A˚ line as a function of the radial
distance for three quiet Sun (QS) observations and one active region (AR).
The lines are the predicted radiances.
Figure 5 shows that its predicted radiances are very close
to the observed ones indicates that the Mg and Si abundances
are close to photospheric.
We note that Raymond et al. (1997) found that in a streamer
leg at 1.5 R⊙ the Mg and Si abundances were lower than pho-
tospheric. For Mg, they found an abundance of 2.5×10−5,
compared to the photospheric value of 4.0×10−5 we adopted
here. For Si, they found a value of 1.25×10−5, compared
to a photospheric value of 3.2×10−5. On the other hand,
Raymond et al. (1997) found the Fe abundance to be pho-
tospheric, i.e. 3.2×10−5. We note that several iron lines
were observed, and the abundances were estimated assum-
ing an isothermal temperature of log T [K]=6.2, obtained from
the relative abundances of the iron lines: Fe XIII, Fe XII,
Fe X. Therefore, the results concerning the iron lines should
in principle be more reliable, although significant improve-
ments in the atomic data for the Fe XII, Fe X forbidden lines
have occurred (see Del Zanna et al. 2012b,a, 2014). These
improved data have been distributed in CHIANTI version
8 (Del Zanna et al. 2015). Other authors (cf. Parenti et al.
2000) have found that, on average, the abundances of low-
FIP elements in quiescent streamers are nearly photospheric,
within a factor of two.
There is however a caveat to these results, i.e. the fact that
lines such as the H I Lyman β that are partly photo-excited
are very sensitive at further distances not only to the disk ra-
diation and outflows (via Doppler dimming), but especially
to how the electron density is distributed along the line of
sight. Their dependence would be different than that of the
collisionally-dominated lines such as Si XII and Mg X, and
also different than the pB in the visible continuum. The re-
sults at longer distances are dependent on the model because
of the stronger photoexcitation contribution to the H I Lyman
β line, but those around 1.4 R⊙ are nearly independent from
the photoexcitation.
With our present simple model we were able to find agree-
ment with the H I Lyman β and the coronal lines, but not
with the observed radiances of the H I Lyman α and the O VI
lines. Discrepancies in the O VI lines have been reported pre-
viously (see, e.g. Frazin et al. 2003; Antonucci et al. 2005;
Spadaro et al. 2007) and could be due to several factors.
As this interesting issue is well beyond the scope of the
present paper, we defer it to a future study. We stress here that
these issues are of importance for our interpretation of UVCS
observations, but are completely irrelevant for the main aim
of the present paper. In fact, regardless of how the UVCS
coronal lines are modeled, once they are well reproduced, we
can then predict very accurately the signal in COSIE-C, as
described below.
3.2. Modelling the COSIE-C coronal emission
Modelling the coronal signal expected from COSIE-C is
straightforward. Having established that the coronal lines
have negligible increases due to photoexcitation up to 3 R⊙,
we have therefore used the same procedure applied to model
the UVCS coronal lines to model the COSIE-C ones. As the
main lines contributing to the band for the quiet Sun case are
from Fe VIII, Fe IX, Fe X, Fe XI, Fe XII, and Fe XIII, we have
only calculated the emissivities of these ions. Clearly, if e.g.
a CME will enter the field of view, more counts will be pro-
duced not only because of the higher densities, but also be-
cause of the contributions of other cooler lines in the band.
As Fe is a low-FIP element as Mg and Si, and as these iron
ions are formed at the same temperatures as the Si XII and
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Mg X lines, the estimate should be accurate.
FIG. 6.— The estimated COSIE-C effective area, compared to those of the
SDO AIA 193 A˚ and GOES SUVI 195 A˚.
We have then folded the expected radiances Ir (integrated
along the line of sight) with the response of the COSIE-C in-
strument to estimate the signal S (data numbers per second,
DN/s) for a COSIE-C pixel as follows:
S = IrAe
12398.5
3.65λG
Ω (1)
where the terms convert the number of electrons produced in
the CCD by a photon of wavelength λ (A˚) into data numbers
DN (G is the gain of the camera), Ω is the solid angle of one
COSIE pixel (3.1′′× 3.1′′), and Ae is the effective area:
Ae = ATAlRfmRm TfpQE (2)
where A is the geometrical area of the telescope (110 cm2
with the current design), TAl is the transmission of the Al front
filter, Rfm is the reflectivity of the front folding mirror,Rm is
the reflectivity of the main mirror, Tfp is the transmission of
the internal focal plane filter, and QE is the quantum efficiency
of the detector.
As a guideline, we have used for TAl a standard Al front fil-
ter with an anti-oxidant layer, similar to the Hinode EIS flight
front filter, but with an improved supporting mesh (95% trans-
mission), instead of the one used for EIS (85% transmission).
The improved mesh has been flown several times, e.g. for the
Hi-C rocket flights (see, e.g. Kobayashi et al. 2014). The total
transmission is nearly 60%. For Rfm we have used an esti-
mate for a Zr/Al mirror, resulting in about a 65% reflectivity
across the wavelength range. For Rm we have used the mea-
sured reflectivity of the Si/Mo multilayer used for the flight
Hinode EIS short-wavelength channel, which has a peak of
35% around 195%. For the focal plane filter we have assumed
again an Al filter with a supporting mesh. As the guideline
detector should be an improved version of the CCD used for
Hinode EIS, we have used a QE=0.8, based on measurements
of CCDs with enhanced backside treatments (note that EIS
has a lower QE of about 0.55). As an example, the measured
QE of the AIA CCDs is between 0.8 and 0.85 at the COSIE
wavelengths (see Boerner et al. 2012). For the gain, we have
used the same estimated for EIS: G=6.3 electrons/DN. Note
that, due to the large geometrical area, the peak values of the
effective area are much higher (about 9 cm2) than previous
instruments, including the SDO AIA 193 A˚ and GOES SUVI
195 A˚, see Figure 6. For AIA we used the measured values,
as available via SolarSoft, while for SUVI we used approx-
imated values based on current understanding of the instru-
ment (D. Seaton, private communication).
FIG. 7.— The estimated total count rates (per pixel) in the COSIE-C broad-
band, as a function of the radial distance, for the quiet Sun, using the UVCS
model. The total rates are shown, as well as those produced by the main ions.
FIG. 8.— COSIE-C predicted spectrum at 3R⊙.
The resulting total count rates expected for off-limb quiet
Sun observations are shown in Figure 7. As expected, the sig-
nal is so high close to the limb that a filter will have to be used,
together with very short exposure times, which will allow un-
precedented high-cadence observations, useful to study fast
dynamics and waves. Very high cadence of tens of seconds
could in principle be achieved even at 3 R⊙ in bright stream-
ers and transient solar wind structures, depending on the stray
light levels (see discussion in Section 5).
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Figure 7 also shows a breakdown of the contributions from
the main ions. As expected, the dominating contributions are
from Fe XI, and Fe XII, i.e. ions that are formed at similar
temperatures. In other words, although COSIE-C is a broad-
band instrument, it is not as multithermal as most of the SDO
AIA bands, although extra contributions from much cooler
(O V) or hotter (Ca XVII and Fe XXIV) lines could occasion-
ally be present. As shown e.g. in Del Zanna et al. (2011) and
Del Zanna (2013b), having a very multithermal band often
complicates the analysis of solar observations.
4. QS HINODE EIS OFF-LIMB
As Hinode pointing outside the solar limb is normally
not allowed, almost all the off-limb quiet Sun EIS obser-
vations are restricted to about 1.2 R⊙. There are only a
few observations to greater distances, but they were in po-
lar coronal holes, where the edge of the EIS slit reached
about 1.4 R⊙. One of us (GDZ) designed an engineer-
ing EIS ’study’ to extract spectra from the bottom half of
the long EIS slit, to reach greater distances. A week-long
campaign (Hinode HOP 7) was coordinated to obtain simul-
taneous SOHO/Hinode/TRACE/STEREO observations dur-
ing the SOHO-Ulysses quadrature in May 2007. EIS ob-
servations were obtained during May 7–10, as outlined in
Del Zanna et al. (2009). The Sun was very quiet, with the ex-
ception of an active region, which was at the west limb around
May 7, as shown in Fig. 9(top). The Figure also shows the
field of view covered by EIS. The lower part of the EIS field
of view reached the significant distance of 1.5 R⊙. On May
10, the main part of the active region was behind the limb.
We have selected the observation which started on that day
at 10:21 UT. The EIS 2′′ slit was moved with 8′′ jumps, to
cover about 500′′ in the E-W direction. A long exposure of
60s was chosen. As far as we are aware, this is the only EIS
observation of the quiet Sun up to such large distances.
The EIS data have been processedwith custom-written soft-
ware written by GDZ and radiometrically calibrated using the
Del Zanna (2013a) analysis (see below). Monochromatic im-
ages in a few lines are shown in Fig. 9(middle). The He II
256 A˚ line was deblended from the contribution of a strong
coronal Si X using the 261 A˚ line. Some emission associated
with the active region is still visible in the north portion of the
EIS field of view. Aside from a region up to 1.1 R⊙, where
some structures are present, the outer corona is featureless,
although it bears some differences with the quiet Sun obser-
vations during the 1996 solar minimum presented above.
An off-limb region about 5o wide, along the radial direction
indicated in Fig. 9 was chosen, to obtain averaged intensities
as a function of the radial distance, which are shown in Fig. 9
(bottom). They were obtained by first averaging about 15-
20 EIS pixels, then obtain the averaged spectra and then the
integrated intensities. The uncertainties include the Poisson
noise associated with the number of detected photons in the
line and nearby pseudo-continuum, plus the read-out noise.
Only a few of the strongest EIS lines had good signal at
1.5 R⊙: Fe XI 188.2 A˚ (a self-blend), the Fe XII 192.4 A˚
and 195.1 A˚ (a self-blend), and the Fe XIII 202.0 A˚. The Fe X
184.5 A˚ line was barely visible. Figure 10 shows averaged
spectra at the larger distance, 1.5 R⊙. Note that the apparent
continuum around 10 DN is actually the detector bias, which
was not subtracted. All the other lines had strong signal only
up to about 1.2–1.3 R⊙.
The behavior of the cooler lines, discussed below when we
FIG. 9.— From top to bottom: 1) a SOHO EIT 195 A˚ image on 2007 May
10, with the Hinode EIS field of view (full possible, pink dashed rectangle;
observed, full pink lines) and the EIS Fe XII 195.1 A˚ monochromatic image.
The blue lines indicate the radial sector used for the averaging (see text). The
SOHO LASCO C2 image is superimposed, showing that the selected radial
sector is in a streamer. 2) Monochromatic images (negative) in a few spectral
lines, with the radial sector indicated. 3) the observed radial variation of the
radiances of the main coronal lines. The full line is the estimated radiance in
the Fe XIII 202.0 A˚ line, based on the modelling of the 1996 solar minimum
quiet Sun streamer.
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FIG. 10.— Hinode EIS spectra of the stronger lines at 1.5 R⊙.
consider stray light, indicates negligible stray light for this ob-
servation, hence confirming that the signal in the coronal lines
is real, and not scattered light from the disk. Fig. 9 (bottom)
shows with a full line the radiances of the Fe XIII 202.0 A˚, as
estimated using the 1996 UVCS streamer observation. This
is significantly lower than the observed Fe XIII 202.0 A˚ radi-
ance.
We have explored the possible reasons for this difference,
by measuring the densities and temperatures from the EIS
lines, which are shown in Figure 11. Measuring densities
is very difficult because of the low signal in the density-
sensitive lines. We obtain relatively good agreement between
two of the main density ratios available to EIS at 1–2 MK,
from Fe XII and Si X (for a discussion of available ratios see
Del Zanna (2012)) using the Del Zanna (2013a) radiometric
calibration, and not the ground calibration, where the Fe XII
densities are unreasonably low. The averaged electron den-
sities of this region/streamer are slightly higher than those
we assumed in our model, which explains some of the dif-
ferences.
Some further differences are probably related to the temper-
ature of the plasma. Figure 11 (bottom) shows that we obtain
an excellent agreement in the ionization temperatures from
ratios involving Fe X, Fe XI, and Fe XII. It is remarkable that
these also indicate a temperature (averaged along the line of
sight) nearly constant with radial distance, although slightly
lower, log T [K]=6.12 instead of log T [K]=6.15. Note that
this result is surely independent from any stray light. The ab-
solute value depends however on the accuracy of the ioniza-
tion and recombination rates, which are constantly under revi-
sion. On the other hand, the ratio involving the hotter Fe XIII
indicates the presence of a slightly hotter component. This
was to be expected, considering the presence of the active re-
gion not far away.
5. STRAY LIGHT
Stray light, i.e. the light scattered within an instrument,
is an important quantity to be estimated for any instrument.
Such estimates are notoriously difficult to obtain, and have
not received as much attention in the literature as they should
have. Stray light varies significantly with each instrument (as
it depends e.g. on the micro-roughness of the optics, the fil-
FIG. 11.— Averaged densities and temperatures obtained from EIS.
ters, the optical paths), but also depends on the illumination,
i.e. on where one is observing.
Out-of-field stray light is often estimated by off-pointing
the spacecraft, while in-field stray light is often estimated
looking at the on-disk signal when part of the Sun is occulted
by a planet, such as Venus or the Moon. The signals are often
close to the noise levels, and it is always hard to assess for the
real presence of a coronal signal.
Several EUV imagers have shown non-negligible stray
light, in the wings of the PSF, for example SoHO EIT
(Auche`re et al. 2001), STEREO EUVI (see, e.g. Shearer et al.
2012) and SWAP/PROBA2 (see, e.g. Halain et al. 2013;
Goryaev et al. 2014). Earlier instruments had a lot more stray
light, while the performance of more recent ones has im-
proved significantly. One earlier instrument with an excel-
lent performance was the 1998 SwRI/LASP Multiple XUV
Imager (MXUVI), which flew on a sounding rocket for the
SoHO EIT calibration (Auche`re et al. 2001). The instrument
had a highly-polished (0.5 A˚ rms) single mirror with a multi-
layer in the 171 A˚ band, a front filter, a light trap and baffles
to reduce scattered light. The detected signal was about 1%
the disk intensity at 1.5 R⊙, and about 3× 10
−3 at 2 R⊙ (cf.
Fig. 8 in Auche`re et al. 2001). Considering that the strong
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coronal Fe IX 171 A˚ line would always emit some signal in
this band even at such distances, one could argue that the level
of stray light was for sure less than the detected signal.
Another instrument with excellent performance was the
Normal Incidence X-ray Telescope (NIXT), which was de-
veloped at SAO and used multilayers. This instrument paved
the way for all the subsequent EUV multilayers flown in all
the solar missions. During a NIXT rocket flight on 1991 July
11, a knife-edge test using the edge of the Moon was carried
out. The results indicated that the level of scattered light was
less than 5× 10−4 the disk intensity (Spiller et al. 1994).
The COSIE optical setup is unique, and a thorough as-
sessment of the stray light will only be possible once all
the components are fabricated and measured. However, as
all the components have significant heritage from other mis-
sions, we can provide some comments on what would be ex-
pected, mostly based on the performances of SDO/AIA and
Hinode/EIS.
Two of the main sources of stray light we expect are the
scattering of the mesh supporting the two aluminum filters,
and the scattering of the optics. The main mirror and multi-
layer will have performances improved over the SDO AIA
ones, and similar to those of the Hi-C instrument. The
mesh will be a significant improvement. The AIA tele-
scopes have two filters (one internal and one external) and
two mirrors, polished to a micro roughness of about 1–2.5 A˚
rms (Soufli et al. 2007), and both coated with multilayers
(Lemen et al. 2012). As described in the on-line report on
the AIA PSF (Grigis & the AIA team 2012), by far the sin-
gle biggest factor contributing to scattered light in AIA is
the diffraction caused by the support mesh of the filters.
That can be quantified and deconvolved. There remains a
residual from imperfect removal of that diffracted compo-
nent, and the main way to reduce it is to use a much wider
mesh. This has been implemented for the Hi-C rocket flights
(Kobayashi et al. 2014) and will be implemented for COSIE.
The diffracted component due to the mesh goes down from
20% in all previous instruments, including EIS and AIA, to
about 2%, hence will be much reduced for COSIE. Observa-
tions of the lunar limb during partial eclipses were used to
get the scattering in each of the AIA channels. The scatter-
ing in the EUV was estimated to be about 10
−5 per surface,
i.e. negligible. The only other source of scattering we are
aware of is some very wide-angle scattering produced by mul-
tilayers, which has been measured in one instance (see, e.g.
Martı´nez-Galarce et al. 2010).
Gonza´lez et al. (2016) estimated the AIA PSF using
both lunar and Venus occultations, however the validity
of using Venus has been questioned (Afshari et al. 2016).
Poduval et al. (2013) also used a lunar occultation to provide
an estimate of the AIA PSF. Typically, both the full-Sun de-
convolution method (Grigis & the AIA team 2012), and that
one suggested by Poduval et al. (2013) produce similar re-
sults, with changes in the on-disk intensities by 10–20%, but
mostly negligible off-limb, with a large amount of noise.
One could in principle estimate an upper limit on stray light
directly from off-limb observations. However, the coronal
EUV bands in AIA cannot be used as the corona would pro-
duce some signal. The He II 304 A˚ line has a significant coro-
nal emission (Andretta et al. 2012) and most likely a reso-
nantly scattered component (Delaboudinie`re 1999), so it can-
not be used. The only band perhaps usable is the 131 A˚, as this
band is dominated by cool emission, mostly from Fe VIII with
some contributions from Ne VI and O VI (Del Zanna et al.
2011). The signal for this band quickly reaches near off-
limb (i.e. even in a region where some solar signal should
be present) a noise level (i.e. 1–2 DN per pixel) at about 8%
the average on-disk signal, with the standard 3s exposures for
this band. There are also a few off-point AIA observations
which in principle could be used. We analyzed those of 2013
Nov 13 and 28, but did not find them suitable to assess stray
light, as standard exposures were used.
There are calibration data with longer exposures. Among
the longest exposures (32s), we analyzed those taken on 2011
Aug 17. Even with these long exposures the average signal
on-disk is only about 200 DN (see Figure 12), so if there was
say a 2% stray light at 1.5 R⊙, one should see a flattening of
the off-limb signal towards about 4 DN. This is not observed,
as shown in Figure 12, although it also cannot be ruled out,
given the low signal and noise. To obtain the points in the fig-
ure, we have averaged four consecutive exposures (using level
1 data) over a radial sector in a quiet Sun SW region. Solar
structures are clearly visible out to 1.2–1.3 R⊙, so some solar
contribution out to 1.5 R⊙ is still possible. The optical lay-
out of the AIA telescopes is such that the FOV is annular, i.e.
in the images there are four corners, above 1.54 R⊙, that are
not illuminated. They can be used to assess the level or read-
out noise in the level 1 data (which have been corrected for
the dark frames and flat-field). We found an average DN=0.7
with a standard deviation of 2.5 DN/pixel. The ’error bars’ in
Figure 12 are the standard deviation of the ensemble of points
averaged at each radial distance, plus the 2.5 DN/pixel noise
level, to provide an estimate on the level of noise in the data.
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FIG. 12.— The observed radial fall-off in the AIA 131 A˚ band.
The stray light in Hinode EIS has not been studied in depth.
Lunar occultations were used by Ugarte (2010) to suggest a
2% level of stray light for the instrument. This was obtained
from the residual signal in the 195 A˚ line, once dark frames
were removed. A broad distribution of DN values, centered at
5.2 and 5.8±4.1 was found, depending on which dark frame
was used. Note that the dark frames are highly variable in time
and spatially, and have large DN values, of about 500. The
same procedure was applied to the strongest line in the long-
wavelength channel at 256 A˚, to find distributions centered at -
1.2±3.6 and 0.8±3.7 DN. It is unclear why the two results are
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so different, and if a 2% stray light is real. More importantly,
it is not clear how such on-disk observations could be used to
estimate the actual stray light in far off-limb observations.
Hahn et al. (2012) used a model to estimate the near off-
limb (up to 1.3 R⊙) signal in coronal holes one should expect
in the 256 A˚ line and found excellent agreement with the ob-
served fall-off (cf. their Fig. 2) which was well below the 2%
level, suggesting negligible stray light off-limb.
FIG. 13.— The observed radial fall-off in the cooler EIS lines (cf. bottom
of Figure 9). The two dashed lines indicate 2% and 0.5% levels from the
on-disk values.
Considering the off-limb observations we have presented in
this paper, as they are rather unique (using the bottom part of
the EIS slit), there is no available information on the instru-
ment performance. However, we can also assess for possible
levels of stray light by measuring the off-limb behavior in the
cooler lines, where negligible signal from the outer corona
would normally be expected. The strongest line is at 256.3 A˚,
a complex blend of He II and several coronal lines (see sec-
tion 3.3. in Del Zanna et al. 2011b). We could only deblend
the Si X contribution using a branching ratio with the 261 A˚
line, but the signal was such this could only be feasible up
to 1.2 R⊙. We therefore consider this line not suitable for
off-limb measurements of the stray light. We have therefore
considered all the other strongest cool transition-region lines,
mostly from Fe VIII and Si VII, recorded for this observation.
There is some signal in these lines at various distances up to
1.4 R⊙, as shown in Fig. 13. The 2% level from the on-disk
intensities is shown with the upper dashed curve. It is clear
that in this case a 2% level of stray light at 1.5 R⊙ is an over-
estimate. Considering that some of the measured signal could
actually be real, a more conservative 5× 10−3 (lower dashed
curve) should be used.
In conclusions, on the basis of off-limb AIA and EIS ob-
servations, a level of stray light between 5 × 10−3 and 2% at
1.5 R⊙ is possible. Regarding the amount of stray light that
would be acceptable by COSIE-C, we note that we would re-
quire that the coronal emission at say 3 R⊙ should be greater
than the fluctuations in the scattered disk emission SD. As-
suming Poisson noise on the number of detected photons D,
we therefore require that D(3 R⊙) >
√
SD(3 R⊙). On the
basis of Figure 7 and Eq. 1, at around 3 R⊙ we expect to de-
tect about 2 photons/pixel/s, i.e. 120 photons/pixel for a 60s
exposure time. The disk signal is about 105 photons/pixel/s,
so we would require the stray light to be less than 3 × 10−3
the disk radiation, at 3 R⊙. This appears achievable, consid-
ering the above discussion. We would in fact expect the stray
light to decrease with radial distance from the Sun, and if we
assume that this decrease follows the observed decrease in the
MXUVI signal, a 1% level at 1.5 R⊙ would already provide
the required stray light at 2 R⊙. A 2% stray light at 1.5 R⊙
would be 6 × 10−3 at 2 R⊙ and most likely less than the re-
quirement at 3 R⊙. If stray light will turn out to be higher
than 3 × 10−3 at 3 R⊙, one would have to reduce the spa-
tial resolution (i.e. binning) and/or increase the exposure time
(60s) to detect the coronal signal in quiescent streamers.
6. SOME ESTIMATES FOR OTHER REGIONS
Aside from quiet Sun streamers, perhaps the most important
science targets for COSIE-C will be active region streamers.
To estimate what kind of signal might be expected, we have
extended the search on UVCS observations during the first
year of operations, to try and find streamers above active re-
gions. We found only one useful observations on 1996 June 1,
also shown in Figure 2. This is because the other active region
observations had very little signal, either because of too short
exposure times and/or narrow slits, or only observed below
2 R⊙. The selected streamer was above two active regions,
a compact small one and a diffuse one. The streamer is not
as bright as streamers observed later on when the solar activ-
ity increased, but provides an idea of how the signal increases
above an AR. The radiances of the lines are shown in Fig-
ures 3,4,5. The increases are significant, especially those of
the hotter Si XII 521 A˚ line, which is brighter by over an order
of magnitude closer to the limb, as one would expect. How-
ever, the radiances at 3.1 R⊙ are less than a factor of two
higher than those of the quiet Sun streamers. We therefore
expect similar increases in the COSIE-C signal, compared to
the quiet Sun estimates. With high solar activity, the COSIE-
C signal would increase much more.
As we have mentioned, CMEs are also a primary target for
COSIE-C. Many CMEs will also be bright in the COSIE pass-
band. We are developing models to study the COSIE signal,
but a full discussion is beyond the scope of the present paper,
as it is quite a complex issue.
What we can say, on the basis of previous observations,
is that the fluxes will vary enormously from event to event,
and different structures (cooler and hotter) will be visible by
COSIE. For example, UVCS spectra of CME cores generally
show plasma at transition region temperatures, and COSIE
images are likely to be dominated by the O V 193 A˚ multiplet
(see, e.g. Ciaravella et al. 2000). Higher temperature emis-
sion is seen in AIA 195, 211 and 335 A˚ images (cf. Ma et al.
2011) and UVCS spectra show CME-driven shock waves
(Raymond et al. 2000). Flare-CME current sheets are seen
in high temperature lines such as [Fe XVIII] and Fe XXIV
(see, e.g. Bemporad et al. 2006; Warren et al. 2018), and the
leading edges of CMEs appear in several AIA bands (see, e.g.
Kozarev et al. 2011) and in coronal emission lines observed
with UVCS, so they should be easily detectable with COSIE’s
higher sensitivity. For example, Giordano et al. (2013) pre-
sented an UVCS catalog of CME events from 1996 to 2005,
where a number of coronal lines as the Si XII doublet were
clearly observed. We can therefore predict that COSIE would
easily observe such events.
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Finally, we note that coronal holes are not a primary sci-
entific target for the COSIE mission. Their densities in the
outer corona are significantly lower than those of the quiet
Sun streamers. For example, Abbo et al. (2010) measured a
density of 1.1×106 cm−3 at 2.2 R⊙ in a streamer, while they
found a value of 6.5×105 cm−3 in a region that would gen-
erally be considered part of the coronal hole (their region 4,
though it might be a projection of another streamer). Also,
coronal holes have lower temperatures, so the EUV signal
would be significantly lower than that for the QS streamers,
probably by a factor of 10–100, in reasonable agreement with
the model of Shen et al. (2017). If stray light were not a fac-
tor, increasing exposure times and spatial binningwould make
coronal holes observable with COSIE-C.
7. CONCLUSIONS
An EUV coronagraph such as COSIE has a great potential
for novel observations of the outer corona, especially between
1.5 and 3 R⊙, where many fundamental processes affecting
the generation of the solar wind but also the evolution of struc-
tures in the low corona are taking place. This region is still
nearly unexplored.
We have a long heritage of coronagraph observations at vis-
ible wavelengths, which has notorious difficulties in reducing
the disk light and in observing the corona close to the Sun.
This is not an issue for COSIE in its coronagraphmode, which
will allow, with the use of a filter, both on-disk and off-limb
observations out to 3.3 R⊙.
It might seem surprising, but we have shown here that sig-
nificant signal in lines collisionally excited is still present at
least until 3.1 R⊙, i.e. 2 R⊙ above the photosphere. The
few SOHO UVCS observations we were able to find clearly
show this. We are confident about these results. We have also
clearly shown that the same EUV lines of the COSIE instru-
ment have been easily observed by Hinode EIS in a relatively
quiet period in 2007 out to 1.5 R⊙.
The main conclusion of the present study is that, on the
basis of current baseline designs, COSIE-C exposures of the
order of tens of seconds will be sufficient to observe quies-
cent streamers at 3 R⊙, if stray light issues will turn to be
negligible. This is unprecedented (except for images during
eclipses), when considered in combination with a spatial res-
olution of 3′′.
We have briefly discussed stray light issues. As there are
discrepancies in assessing the stray light in current instru-
ments, and stray light very much depends on the actual optical
layout and components (e.g. filters), we defer an assessment
to a future study, noting that our current knowledge on the
basis of AIA and EIS performances indicates that COSIE-C,
with improved filters and micro-roughness of the main optical
surface, should have a negligible stray light.
A secondary main conclusion is that variations in the outer
corona of the electron densities and temperatures obtained
from models fail to explain the observations. It is surprising,
but the ionization temperature of the outer corona seems to be
relatively constant out to 3.1 R⊙, at least on the basis of the
few observations from UVCS and EIS presented here. That
the temperature is nearly isothermal and constant with height
was known from previous SOHO CDS and Hinode EIS mea-
surements, but only up to 1.2 R⊙.
The relative radiances between the coronal lines and the
H I Lyman β observed by UVCS indicate photospheric abun-
dances in the quiescent 1996 streamers, using the present
model. The Lyman β line is mostly collisional at 1.4 R⊙,
so this result is largely independent on the photoexcitation
and the density distribution of the plasma. It is interesting to
note that this result is in agreement with a recent revision by
Del Zanna & DeLuca (2018) of SOHO SUMER observations
near the solar limb during the same period.
There are however several complexities related to the inter-
pretation and modelling of the UVCS Lyman and O VI lines
that are significantly photo-excited, and which could also af-
fect these elemental abundance measurements at larger dis-
tances, so these abundancemeasurements will need to be con-
firmed.
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